Abstract-Vehicular Ad Hoc Wireless Network (VANET) exhibits a bipolar behavior in terms of network topology: fully connected topology with high traffic volume or sparsely connected topology when traffic volume is low. In this work, we develop a statistical traffic model based on the data collected on I-80 freeway in California in order to study key performance metrics of interest in disconnected VANETs, such as average re-healing time (or the network restoration time). Our results show that, depending on the sparsity of vehicles, the network re-healing time can vary from a few seconds to several minutes. This suggests that, a new ad hoc routing protocol will be needed as the conventional ad hoc routing protocols such as Dynamic Source Routing (DSR) and Ad Hoc On-Demand Distance Vector Routing (AODV) will not work with such long re-healing times.
I INTRODUCTION
For a typical Vehicular Active Safety (VAS) application, each vehicle periodically broadcasts its current GPS position, velocity, heading and other sensor information, e.g., breaking status, acceleration, etc. so that all the neighboring vehicles can receive and evaluate whether there is a dangerous driving situation that the driver should be aware of. Some VANET applications, however, aim at providing transport efficiency and commercial value to customers. Thus, they may require that certain traffic information be propagated to a larger group of vehicles in a multi-hop fashion. Therefore, the fundamental requirements for VANETs, from a networking perspective, are efficient information acquisition, exchange, dissemination, and processing mechanisms.
Unlike conventional ad hoc wireless networks, a VANET not only experiences rapid changes in wireless link connection, but may also have to deal with different types of network topologies. For example, VANETs on freeways are more likely to form highly dense networks during bumper-to-bumper rush hour, while VANETs are expected to experience frequent network fragmentation in sparsely populated rural freeways or during late night hours. Until now, most of VANET research has focused on analyzing routing algorithms to handle the broadcast storm problem in a highly dense network topology [1, 2] , under the over-simplified assumption that VANET is a well-connected network in nature. In contrast, we believe that the disconnected network problem is also a crucial research challenge for developing a reliable and efficient routing protocol that can support highly diverse network topologies.
In this study, we use vehicle traffic data measured on the I-80 freeway in California on June 27, 2006 to statistically characterize and model the traffic on typical highways in terms of key parameters, such as inter-arrival time and intervehicle spacing. Extensive Monte Carlo simulations based on these statistical models extracted from empirical traffic data show that although the average re-healing time for I-80 type of freeways is, on average, less than 30 seconds, such long network disconnection time could be a major problem for conventional ad hoc routing protocols such as AODV or DSR, which can only tolerate a network disconnection time of up to 2-3 seconds. In addition, some time-critical applications may not be able to function properly in disconnected VANETs as the end-to-end delay could be on the order of several minutes.
The remainder of this paper is organized as follows. In Section II, we discuss the related work. The background on the lane-level traffic model is provided in Section III along with the proposed road-level traffic model. Simulation study along with the results and discussion are presented in Section V. Finally, we draw conclusions in Section VI.
II RELATED WORK
To the best of our knowledge, this paper is the first research effort in studying routing issues and the behavior of disconnected VANETs. However, there are some pioneering works on vehicular traffic modeling and Delay Tolerant Networks which address similar problems in MANETs.
Random Waypoint (RWP) was proposed [3] as a generic mobility model for network simulation, where mobile nodes randomly select destinations with a randomly chosen velocity. Later, it was realized that such a simplified mobility model is inadequate in capturing many rich characteristics of personal mobility in the real world. Consequently, Reference Point Group Mobility (RPGM) [4] was introduced to emulate grouping behavior of battlefield scenarios; Freeway/Manhattan model [5] captured the impact of geographic restriction (i.e., road) on vehicular mobility; Simplified car-following model [6] is used to restrict vehicular movements on road defined by real map data. However, in most cases, the over-simplified assumptions necessary to make the analysis tractable often result in models that fail to adequately represent the extreme complexity of the real-world mobility patterns. In our study, our vehicular mobility model is directly obtained from empirical data collected in a real-world environment. Moreover, unlike most studies which concentrate on evaluating the impact of mobility models on MANET routing protocols in wellconnected scenarios, we point out the fact that VANET is 0743-166X/07/$25.00 ©2007 IEEE This full text paper was peer reviewed at the direction of IEEE Communications Society subject matter experts for publication in the IEEE INFOCOM 2007 proceedings.
prone to network fragmentation due to the uneven nature of vehicle traffic.
Apart from mobility modeling, the emerging field of Delay Tolerant Networks is also synergistic with the problem formulation of disconnected VANETs. Delay-Tolerant Network (DTN) framework [7] is proposed to analyze and interconnect challenged networks where end-to-end route between mobile nodes may not exist, such as wildlife tracking sensor networks, interplanetary networks, and military ad hoc networks. In such challenged networks, traditional MANET routing paradigms such as DSR [8] or AODV [9] would not work well. Instead, asynchronous message forwarding paradigm based on storemove-forward concept [7, 10] is used to achieve interoperability among different challenged networks. A number of routing protocols specifically targeting 're-healing' challenged Mobile Ad hoc Networks that fall into the generic framework of Delay Tolerant Networks are as follows: DataMules [11] collect data from sensors and then deliver to virtual backbone in sensor networks; Single-copy [12] and Multi-copy 'Spray and Wait' [13] are shown to be efficient alternatives for message delivery. Unlike previous studies, in this paper, we focus on network fragmentation scenarios in VANETs with real-world vehicular mobility models. Also, our main objective is to establish a comprehensive analytical framework to understand the fundamental characteristics of a disconnected VANETs. We believe that a deeper understanding on the subject will facilitate the design of efficient and robust message delivery protocols in future intermittently connected VANETs.
III VEHICLE TRAFFIC MODEL
Car following model is used in civil engineering to describe traffic behavior on a single-lane under both free-flow and congested traffic condition. This model assumes that each driver in the following vehicle maintains a safe distance from the leading vehicle and the deceleration factor is also taken into account for the braking performance and drivers' behavior. The complete mathematical model is given by
where S is the headway spacing between rear bumper to rear bumper, L is the effective vehicle length in meters, and V is the vehicle speed in meters/second. β is driver reaction time in seconds, and γ coefficient is the reciprocal of twice the maximum average deceleration of a following vehicle (i.e., approximately 0.075 s 2 /m). Both β parameter and γ coefficient are introduced to ensure that the following vehicle can come to a complete stop if the leading vehicle suddenly brakes. As in many other civil engineering studies, we use a so-called "good driving" rule which assumes that each vehicle has similar braking performance (i.e., γ ≈ 0). In this case, the car following model can be simplified as
While the car following model is one of the most popular models in civil engineering, it has some limitations in modeling freeway traffic behavior for the purpose of wireless networking research, which can be summarized as follows: Empirical studies [14] confirm that during rush hour β is typically a small number that represents the reaction time of a driver, following a log-normal distribution [15] . However, in light to moderate traffic, β can be as large as 50-100 seconds and cannot be interpreted as driver reaction time [15] . Instead, inter-arrival time between vehicles should be used to describe this spacing. To address both of the aforementioned limitations, we extend the car-following model to the road-level by replacing the lane-level reaction time β with a road-level inter-arrival time β . The lane-level car-following model in (2) can be generalized as
where β is the inter-arrival time of vehicles on any lane on the same road as observed from a fix observation point and L min is the minimum spacing between any two adjacent vehicles, which is assumed to be zero in this study. Figure 1 shows the comparison between the lane-level headway spacing, S , and road-level inter-vehicle spacing, S, where S can be as small as 0 and as large as S. By focusing on road-level intervehicle spacing S, the proposed model not only models rushhour heavy traffic but also captures the sparse or intermediate traffic during non rush hour. However, two key parameters (the inter-arrival time β and the vehicle speed V ) of extended car following model remain unclear. Rather than relying on unrealistic assumptions like many previous studies, we conduct an empirical study from the real freeway traffic data collected by the Berkeley Highway Laboratory (BHL) [16] to measure these two parameters. Incorporating empirical data into traffic model shown in Eqn.3, we are able to investigate: (1) whether and when the network disconnection occurs; and (2) how serious this disconnected network problem could be, in real vehicle traffic situations.
IV ROAD-LEVEL TRAFFIC MODEL: EMPIRICAL STUDY

A Measurement of Empirical Data
To accurately calculate key parameters of the proposed traffic model, we analyze the data collected from the dual- Figure 3(a) shows the probability density function (PDF) of the inter-arrival time β on I-80 during three selected time periods. Observe that during the night (from 1 am -3 am), the inter-arrival time can be as long as 100 seconds while the interarrival times during rush hour from 3 pm -5 pm are well below 10 seconds. Figure 3(b) shows the PDF of vehicles' speed V during three different time periods. It can be observed that, regardless of the time of day, the vehicles' speed seems to be represented by a normal distribution. In addition, the average speed is approximately 30-32 m/s during non-rush hour and is approximately 15 m/s during rush hour.
Following our proposed traffic model, for each vehicle, road-level inter-vehicle spacing S can be approximated as the product of road-level inter-arrival time between vehicles (β) and vehicles' speed (V ). Intuitively, when vehicles move at slower speeds in heavy traffic conditions, drivers have more 1 In this work, we consider 2-lane traffic behavior by extracting traffic information from the 5-lane data collected. However, our framework can also be extended to support multiple-lane traffic. control over the vehicles and thus the safe distance is small. On the other hand, the inter-vehicle spacing is anticipated to be much longer during the low traffic volume period at night. As shown in Figure 4 (a), the inter-vehicle spacing falls heavily into the distance bin of 0-20 meters during rush hour (3 pm -5 pm); the inter-vehicle spacing during non-rush hour (10 am -12 pm) spreads over 0-350 meters; and the inter-vehicle spacing in sparse traffic during night time (1 am -3 am) stretches to a few kilometers.
Among the three time periods, we are particularly interested in the characteristics of the network connectivity during the night time period. Normally, vehicles are viewed as being 'disconnected from one another' if they are separated by more than 250 meters (i.e., the reliable communication range of the DSRC device). One can observe from Figure 4 (b) that each vehicle has only 65% chance of being able to communicate with the following vehicle during night time period (1 am -3 am) . Note that this 35% proability of network partitioning pertains to full market penetration case, where we assume that all vehicles are equipped with wireless communication capability. However, the market penetration rate during the technology introduction phase will be much less than 100%. Hence, it is expected that the phenomenon of network disconnection will be much more severe than what is presented in this paper.
As a first step, we aim to derive the Probability Distribution Function (PDF) of inter-arrival spacing between vehicles, in the next section.
B Inter-Vehicle Spacing Distribution
Using Kolmogorov-Smirnov test (K-S test), we find that the statistic of inter-arrival time β from the empirical data can be accurately approximated by an exponential distribution. As shown in Figure 5 exponential distribution (with λ t = 0.1192) and empirical data distribution during the night period (1 am -3 am) is (2.89%, 2.00%), indicating that inter-vehicle spacing follows an exponential distribution. Similarly, inter-arrival time observed during non-rush hours (9 am -12 pm) and rush hour (3 pm -6 pm) can roughly be approximated by an exponential distribution (with λ t =0.7276 and λ t = 0.7813, respectively). Furthermore, we also realize that the λ t parameter (i.e., average number of vehicles observed per second) can be calculated by using average traffic volume shown in Figure 2 as λ t ≈ T v /3600, where T v is the number of vehicles observed per hour. These observations confirm that inter-arrival time follows an exponential distribution, which is a common assumption in many civil engineering studies.
Similarly, we find that the statistics of inter-vehicle spacing S can also be approximated by an exponential distribution. Interestingly, we also observe that the parameter λ s of distribution for inter-arrival spacing is determined by 1/λ t and the average observed speed on a given road V as λ s = λ t /V 2 . Figure 5 To summarize, the Probability Distribution Function (PDF) of the inter-vehicle spacing S is given by (4) and its Cumulative Distribution Function (CDF) is given by
where
V DISCONNECTED NETWORK: SIMULATION STUDY In this section, via Monte Carlo simulations, we demonstrate how well the store-carry-forward mechanism performs in disconnected VANETs, so that we are able to examine feasibility of this technical approach.
A Simulation Model
The simulation is conducted in a customized event-driven Monte Carlo simulator developed by the authors. In our simulator, vehicles are placed on a long straight freeway segment of two-lane highway going in two opposite directions, where the inter-vehicle spacing between vehicles follows the distribution given in (4) with the same λ s parameter. Thus, the overall number of vehicles in this segment is implicitly determined by the corresponding value of λ s parameter. The transmission range is set to 250 meters. Vehicles in the same direction move at a constant velocity V , so that the spacing between vehicles in the same direction does not change over time during simulations (i.e, no vehicle bypassing or overtaking). Once vehicles exit at one end of freeway segment, they will be re-inserted into the other end of freeway segment, following the same distribution of inter-vehicle spacing (S). The data traffic pattern is a simple model where source and destination are randomly picked. Also, to avoid overloading the network and to ensure that the new packet sees a completely different traffic topology, we assume that a new packet gets generated after the destination vehicle exits the network. For this study, each data point on the plots shown in this section is an average of 10,000 samples of such cases. Since our main focus in this study is to analyze the behavior of network disconnection and network re-healing time at network graph level, we assume an ideal PHY/MAC layer (i.e., perfect packet reception and no MAC contention) to reasonably simplify our implementation. In our study, we also find that the delay incurred by wireless transmission (i.e., on the order of milliseconds) is much smaller than the network rehealing time (i.e., on the order of seconds). Hence, we assume the delay incurred by wireless transmission (i.e., spatial relay) is zero, while delay caused by transport relay (i.e., temporal relay) is too large to be ignored.
In our simulation, we vary λ s parameter to investigate its impact on various characteristics of disconnected VANETs, especially those related to network re-healing behaviors.
B Simulation Results
In this section, we study disconnected VANETs from a networking standpoint and consider their routing performance in terms of the total end-to-end delay, the spatial and temporal hop counts, and the per-gap re-healing time. To the applications, the total end-to-end delay, which is the time taken to deliver the message to the destination, is an important metric which can be used to determine whether the proposed routing mechanism can deliver acceptable performance or not. Other metrics, however, serve as intermediate parameters which can help to explain how the routing mechanism works in disconnected VANETs in detail. For example, the per-gap re-healing time, which is the duration of time the packet needs to be stored at the relay node, is another important metric that allows us to get a better understanding of how a routing protocol should be designed so that it provides enough buffer space for holding the routing messages. In addition, the spatial and temporal hop counts are factors which contribute to the overall end-to-end delay.
In this simulation study, we investigate the impact of vehicle density λ s by fixing the average vehicle speed and vary λ s , according to the level of the traffic volume of interest. Intuitively, as the network gets sparser or as the traffic volume decreases, the temporal hop count should increase while the spatial hop count should decrease, as shown in Figure 6 . To the contrary, as shown in Figure 6(b) , the results show that the temporal hop count decreases when the traffic volume drops below 300 veh/hr. This is due to the fact that the average pergap re-healing time is much longer in the scenario with low traffic volume: there are fewer but larger gaps in the sparse network. As shown in Figure 7 (a), the expected per-gap rehealing time is almost doubled when traffic volume drops from 324 veh/hr to 162 veh/hr. As a result, the end-to-end delay is longer in the case with low effective traffic volume although the temporal hop count is much smaller than in the dense network scenario, as shown in Figure 7 (b).
Although these end-to-end delay results may seem too long for normal multi-hop applications (i.e., on the order of several minutes), they are within an acceptable range for some VANET applications. For example, consider a scenario where a road-side-unit (RSU) broadcasts a message which directs drivers to take an alternative route, the driver who is 10 km away from the RSU at the time of the broadcast would still be notified well ahead of time to make a re-routing decision even in the worst case scenario with 162 veh/sec, i.e., a vehicle will be at approximately 5.5 km away from the RSU by the time the driver receives the message.
C Discussion
These results show that, even in the worst case, the pergap re-healing time required is still less than 1 minute which suggests that store-carry-forward mechanism could very well be deployed for such scenarios. At the same time, note that although the average re-healing times observed in all the scenarios considered is very small, i.e., well below 1 minute, they are long enough to cause conventional routing protocols such as DSR or AODV to fail. In addition, these re-healing time results can be used for designing routing protocols and determining which applications can function in such a network. For example, the routing protocol can use the average re-healing time to determine the minimum buffer size it needs for storing a packet or determine the hello packet broadcast frequency so that the relay node can be found as quickly as possible without adding too much overhead traffic into the network. We hope that our analysis on re-healing time will encourage other researchers to invest more time and effort on disconnected VANETs, which deserves more attention in Ad hoc Network research community due to its wide applicability in practice.
VI CONCLUSIONS
In this study, we have used empirical traffic data to develop a statistical road-level traffic model which can be used to study disconnected VANETs. Based on the proposed statistical traffic model and an extensive simulation study, we have found that while the average re-healing time will be on the order of several seconds on I-80 type of freeways, this may still be troublesome for conventional ad hoc routing protocols such as AODV and DSR. Thus, this disconnected network problem appears to be an important issue for emerging VANET applications. Moreover, our simulation results verify that a mechanism using both direct wireless transmission and indirect packet relay provides a potential solution to deliver messages in disconnected networks. Our future work will elaborate on this issue further.
